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C0 1 ABSTRACT 

We report the discovery of a ring-like cluster complex in the starburst galaxy 
NGC 2146. The Ruby Ring, so named due to its appearance, shows a clear ring-like 
J> , distribution of star clusters around a central object. It is located in one of the tidal 

streams which surround the galaxy. NGC 2146 is part of the Snapshot Hubble [/-band 
O I Cluster Survey (SHUCS). The WFC3/F336W data has added critical information to 

, the available archival Hubble Space Telescope imaging set of NGC 2146, allowing us 

' to determine ages, masses, and extinctions of the clusters in the Ruby Ring. These 

| properties have then been used to investigate the formation of this extraordinary 

. system. We find evidence of a spatial and temporal correlation between the central 

CN| ' cluster and the clusters in the ring. The latter are about 4 Myr younger than the 

central cluster, which has an age of 7 Myr. This result is supported by the Ha emission 
which is strongly coincident with the ring, and weaker at the position of the central 
cluster. From the derived total Ha luminosity of the system we constrain the star 
/\i . formation rate density to be quite high (Ssfr = O.47M0/yr/kpc 2 ). The Ruby Ring is 

' the product of an intense and localised burst of star formation, similar to the extended 

cluster complexes observed in M51 and the Antennae, but more impressive because 
is quite isolated. The central cluster contains only 5 % of the total stellar mass in the 
clusters that are determined within the complex. The ring-like morphology, the age 
spread, and the mass ratio support a triggering formation scenario for this complex. 
We discuss the formation of the Ruby Ring in a "collect & collapse" framework. The 
predictions made by this model agree quite well with the estimated bubble radius 
and expansion velocity produced by the feedback from the central cluster, making the 
Ruby Ring an interesting case of triggered star formation. 

Key words: galaxies: individual: NGC 2146 - galaxies: starburst - galaxies: star 
clusters: general - galaxies: star formation 



* Based on observations made with the NASA/ESA Hubble Space Telescope, obtained at the Space Telescope Science Insti- 
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1 INTRODUCTION 

Star formation appears to be a hierarchical process (see 
lElmegreenl l201ll . for a short review), organised as a frac- 
tal filamentary network, self-similar from small (dense gas 
cores inside a giant molecular cloud, GMC) to galactic scales 
(GMC complexes). Much observational and theoretical ev- 
idence has been put forward to support this scenario. Pi- 
oneering studies of the 2 and 3-dimensional structures of 
mole cular clouds suggested a fractal medium (|Stutzki et al.l 
Il998h . The superb observations at sub-mm and far-IR, pro- 
vided by Herschel, recently confirmed the filamentary and 
hierarchical structures of the regions which will most likely 
host star form ation in the nea r future (e.g. the GMC com- 
plex Vela C, Iffill et alJlioill V The same behaviour is ob- 
served in nearby s t ar-forming galaxies ( Giclcs et al.l 120081 ; 
S ch cepmaker et al. 

I 120091 ; I Bastian et al.l 1201 ll ). where the 
very young stellar population is clearly clustered, while a 
gradual dissolution of the network is observed as the stars 
age. 

In this hierarchical network, star clusters sit at the bot- 
tom as the densest objects of a continuous distribution which 
includes distributed stellar ag glomerates, T Tauri like associ- 
ations, and OB associations (jBressert et al.ll2010h . On large 
scales, since clusters form in the dense cores of the GMCs, 
they can be part of star-forming complexes. These extended 
(few hundr eds of pc) structures are often obser ved in the 
Milky Way (lBallv|l200Sl;lRahman fc Murravll2010h and in lo- 
cal galaxies (e.g. | Elmegreen et al.l |2000| ; IZhang et al.ll200ll ; 
iBastian et afll2005h . In particular, shells and arc-like star 
forming complexes seem to show a spatial and temporal 
sequentiality, with older systems sitting toward the centre 
jPopita et al.ll 19851; iPatel et al.|[l99i ; lEfremov fc Elmegreenl 
1 19981 : IZavagno et al.ll20od ). The arc-like morphology can be 
expla ined by the "collect and collapse" trigge ring mecha- 
nism ijElmegreen fe Ladalll977l ; lElmegreenlll998T ) . In this sce- 
nario, the expansion of an ionised shell, powered by stellar 
feedback, accumulates neutral gas, left over from the for- 
mation of the first generation of stars. The gravitational in- 
stability, induced on the swept up material at the interface 
with the ionised front, triggers a subsequent star formation 
episode. 

In this work, we report the discovery of a ring- 
like cluster complex (see Figure [p, m the tidal stream 
of the nearby starburst galaxy NGC2146 (~ 11 Mpc, 
Ide Vaucouleurs et al.|[l99lT ). The appearance of this feature 
has led us to name it the " Ruby Ring" . The Ruby Ring is lo- 
cated toward the extremity of one of the tidal streams. The 
latter has most likely been ejected during a merger event 
(|Taramopoulos et al.| [200ll ). The properties of the stream 
and the analysis of the cluster population in the whole 
galaxy will be presented in a subsequent work (Adamo et 
al. in prep). Here, we focus on the properties of the Ruby 
Ring and its immediate environment, with the aim of de- 
termining whether its formation can be explained by the 
triggering scenarios applied to much smaller, and less mas- 
sive structures seen in the Galaxy and Large Magellanic 



Cloud (|Thompson et al.ll2012l ; lEfremov fc Elmegreenlll998T l. 

We derive ages, masses and extinctions for the cluster pop- 
ulation of the Ruby Ring, and consider whether the central 
cluster could have triggered the formation of the surround- 
ing ring of clusters. 



2 REDUCTION AND PHOTOMETRY 

The dataset used here forms part of the "Snapshot Hub- 
ble U-band Cluster Survey (SHUCS)", which is aimed at 
measuring the properties of star clusters in nearby star- 
forming galaxies using archival HST BVIHa and new U- 
band WFC3 data. The first paper (Konstantopoulos et al., 
in prep) presents the sample, and the reduction, cluster se- 
lection and photometric analysis steps. In a second paper 
(Adamo et al. in prep), we focus on the cluster population 
of NGC 2146, and here we use the subset of the HST data 
that contains the Ruby Ring complex. These datasets are: 
WFPC2 F606W (ID 8597, PI Regan), ACS WFC F814W, 
F658N (ID 9788, PI Ho), and WFC3/UVIS F336W (here- 
after also referred to as U band - ID 12229, PI Smith). Un- 
fortunately, the Ruby Ring fell out of the WFPC2 F450W 
field of view, limiting our sample to 4 passbands, i.e. UVIHa. 

The final science frames, used in this a nalysis, have been 
processed with the MULTIDR IZZLE task (|Koekemoer et all 
120021 : iFruchter fc Hookll2002r i in PyRAF/STSDA^]. Source de- 
tection has been done with the DAOFIND task on the U -band 
frame, which has the best resolution (0.04" /px plate scale, 
corresponding to ~ 2 pc at the assumed distance) and detec- 
tion limit (~26.0 mag). The Ruby Ring catalogue contains 
25 sources, all detected inside a radius of 1.25" (~ 80 pc) 
from the central cluster (hereafter indicated as 180). This 
catalogue has been used to do photometry with an aper- 
ture of 0.12" and the sky annulus located at 0.2" in all the 
available filters. Since not all the science frames have stellar- 
like objects which we could use to extrapolate an empirical 
aperture correction, we used TinyTin0 simulated PSFs to 
estimate the fraction of missing flux in all the passbands. In 
this way, since the distance of the galaxy is such that stellar 
clusters are partially resolved (slightly more extended than 
stars) , we may have underestimated the aperture correction 
factor and, thus, the estimated cluster mass. In Adamo et 
al. (in prep), we will present a full detailed analysis related 
to this aspect. However, we stress that the overall analysis 
in Section 3 and 4 appears to be consistent with the de- 
rived clusters properties, suggesting that we don't introduce 
significant systematics. 

The final photometry and derived errors of the cluster 
candidates are listed in Table [1] We notice that the observed 
absolute luminosity of the sources is comparable to the one 
of supergiant stars. However, the observed Ho? emission (Sec- 
tion [3]2]) within the ring is too high to be produced by only 
10-20 single supergiants (the detected sources visible in the 
complex). Although, we cannot exclude that a fraction of 
the detected sources are single stars, our analysis suggests 
that their contamination is a minor effect. In Section ^, 2l wc 



tute, which is operated by the Association of Universities for Re- 
search in Astronomy, Inc., under NASA contract NAS 5-26555. 
These observations are associated with program SNAP 12229 
f E-mail: adamo@mpia.de 



1 STSDAS and PyRAF are products of the Space Telescope Sci- 
ence Institute, which is operated by AURA for NASA 

2 http:/ /www. stsci.edu/software/tinytim/ 
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Figure 1. A color composite of NGC2146, using WIYN B, R, and continuum subtracted Ha imaging data in the blue, green, and red 
channels, respectively. An inset in the upper right corner shows a zoom-in image of the Ruby Ring region, made with HST data. In the 
latter, the F658N filter, transmitting Ha, is in red; the F336W filter, sensitive to the young stellar populations is shown in blue; the 
F606W and F814W are shown in green and yellow, respectively. The size of the inset is 2.5" by 2.4" (~ 130 X 125 pc 2 at the assumed 
distance of 11 Mpc). 



will see that the derived Ha luminosity, L(Ha), is compara- 
ble to the 30 Doradus region, requiring a powering source of 
~ 10 5 M o . 



3 TRACING THE PHYSICAL PROPERTIES 
OF THE CLUSTER COMPLEX 

3.1 Cluster age and extinction across the ring 
structure 

In order to obtain an estimate of the cluster age, mass, and 
extinction, the photometric catalogue has been used as inpu t 
for the x 2 fitting algorithm discussed in lAdamo et al.l (|2010l ). 
We compared the observed cluster spectral energy distr i- 
bution (SED) to Yggdrasil models l)Zackrisson et al.ll201lf). 
scale d by increasing values of extinction ( Calzetti et al.l 
l2000h . These m odels are based on Starburst99 stellar pop- 
ulatio n spectra (jLeitherer et al ] |l999l : IVazauez fc Leithererl 
120051 ) compiled with a Kroupa initial mass function (IMF; 



lKroupa|[200ll) . a range of metallicities (1/2, 1, and 2 times 
the solar metallicity), a gas covering factor of 0.5 and hydro- 
gen density typical of local Galactic Hn-regions (100 cm -3 ). 
Only sources which have been detected in at least 3 filters, 
with errors less than 0.3 mag in each band, have been fitted. 
The narrow band Ha filter, F658N, has been included in the 
fit. The cluster properties, where available, are listed in Ta- 
ble[TJ together with the photometric catalogue. We have also 
investigated the 68 % confidence limits on the determination 
of the cluster parameters (associated errors in Table [TJ, if 
the fitted data points (N=4) exceeded the number of fitted 
parameters (p=3), ac cording to the prescription given by 
lLampton et al.l (1 19761 ). In the latter case, the SED fitting 
analysis for each source with detection in all the available 
filters is shown in the Appendix. The analysis we present 
below is based on clusters with \ 2 smaller than 20.0 and 
F606W-F814W color larger than —0.9 mag (to remove out- 
liers with unphysical properties). For completeness, in Ta- 
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Table 1. Detected cluster candidates in the Ruby Ring. The first 5 columns give the ids as used in the text, the absolute magnitude 
in F606W applying a distance modulus of 30.38 mag, and the final apparent magnitude of the objects (including aperture correction 
and correction for foreground extinction) and their associated error, for each filter, in the Vega system. All the photometry has not been 
corrected by the intrinsic extinction derived with the SED fitting (last column of the table). The FIT column enumerates how many 
data-points have been included in the SED fit (detections with photometric errors larger than 0.3 mag have been excluded). The \ 2 is 
the best (e.g. smallest) recovered \ 2 output. The following columns show the age, mass, and E(B-V) corresponding to the best \ 2 and, 
where possible, the associated fit uncertainties (see text). Empty cells indicate that the fit has not been performed for these sources, 
because there were too few data-points for an accurate SED fit. 



ID 


M v 


F336W 
WFC3 


F606W 
WFPC2 


F658N 
ACS 


F814W 
ACS 


FLT 


V 2 


age 


mass 


E(B-V) 




(mag) 


(mag) 


(mag) 


(mag) 


(mag) 






(Myr) 


10 3 (M Q ) 


(mag) 


162 


-7.08 


23.45±0.09 


23.30±0.17 


20.18±0.09 


23.02±0.12 


1 


0.16 


1 o+°-° 




63 + - 06 
U-Od -0.06 


163 


-7.64 


23.96±0.14 


22.74±0.12 


23.02±0.82 


22.20±0.07 


3 


0.08 


2.0 


21.28 


0.96 


164 
165 


-7.40 
-7.64 


23.33±0.12 
23.82±0.09 


22.98±0.15 
22.74±0.12 


21.19±0.26 
22.26±0.36 


23.16±0.14 
22.18±0.07 


1 

3 


4.52 
0.01 


in n 

°- u -o.o 
3.0 


o -°'-0.87 

16.26 


0.481°;°? 
0.93 


166 


-7.45 


23.06±0.08 


22.93±0.13 


- 


23.28±0.12 


3 


0.05 


2.0 


2.25 


0.38 


168 
169 


-7.89 
-7.34 


22.45±0.07 
24.17±0.15 


22.49±0.11 
23.03±0.13 


20.39±0.11 
20.46±0.09 


22.63±0.09 
24.75±0.45 


1 

3 


5.38 
0.05 


2 n+°-° 
z - u -o.o 

2.0 


20.42 


n 4Q+ - 04 
u '^ a -0.04 

1.03 


170 


-6.50 


25.22±0.40 


23.88±0.46 


21.08±0.07 


25.14±0.65 


1 


— 


— 


— 


— 


171 


—5.49 


24.55±0.26 


24.89±0.73 


21.58±0.12 


23.41±0.14 


3 


0.22 


2.0 


3.99 


0.82 


172 
174 


-6.66 
-7.24 


23.12±0.08 
25.44±0.82 


23.72±0.28 
23.14±0.11 


21.12±0.14 


24.14±0.25 


1 
1 


0.60 


o rj+0.0 


„ „ „ f\ Of) 

u ' oz -0.18 


u - zo -0.12 


175 


-8.94 


23.20±0.12 


21.44±0.06 




22.83±0.10 


3 


98.28 


< 1 


7.71 


0.54 


177 


-8.43 


24.14±0.29 


21.95±0.08 


23.50±0.54 


23.54±0.19 


3 


68.74 


< 1 


5.04 


0.57 


178 


-7.65 


23.52±0.17 


22.73±0.21 




23.87±0.21 


3 


4.89 


< 1 


1.65 


0.35 


179 


-7.23 


23.00±0.08 


23.15±0.19 


22.76±0.42 


23.11±0.10 


3 


0.01 


1.0 


3.40 


0.49 


180 
181 


-8.97 
-8.97 


21.05±0.05 
21.85±0.07 


21.41±0.06 
21.41±0.06 


21.10±0.11 
22.32±0.56 


21.22±0.06 
22.36±0.10 


1 

3 


2.33 
18.97 


7 n +86.0 

'■ u -o.o 

< 1 


A p-9+30.08 

6.84 


10 + 003 
u - lu -0.10 

0.33 


182 


-7.00 


23.69±0.10 


23.38±0.32 


20.34±0.08 


23.91±0.16 


3 


0.01 


< 1 


1.44 


0.36 


183 


-8.43 


23.94±0.20 


21.95±0.08 


22.63dz0.44 




2 










187 


-6.20 


23.97±0.20 


24.18±1.00 


20.83±0.09 


23.36±0.25 


3 


0.10 


i.O 


3.73 


0.62 


188 


-7.05 


22.66±0.06 


23.33±0.15 


22.42±0.31 


23.33±0.08 


3 


0.02 


4.0 


1.54 


0.30 


190 


-8.75 


22.22±0.06 


21.63±0.06 


18.80±0.05 


21.79±0.06 


4 


13.63 


O Q + 0.0 


UA9t\f 7 


+0.03 
u - ' -0.04 


192 


-7.74 


22.75±0.07 


22.64±0.14 


21.59±0.30 


22.16±0.06 


1 


0.16 


5 0+ 10 
°' u -0.0 




59 + - 04 
U.oy _o.23 


3156 


-7.16 


23.11±0.09 


23.22±0.30 


20.05±0.09 


23.03±0.12 


4 


0.34 


1 0+ 00 


4 S4+ 111 


55 + 06 
u '°° -0.06 


3159 


-7.13 


23.75±0.19 


23.25±0.43 


21.40±0.15 


24.48±0.60 


2 











_<>1-2 Myr 
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3380 
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D E(B-V) >0.8 
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3380 



3420 3440 
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Figure 2. Left: the cluster ages in color code are overplotted to the F336W image of the ring. Right: the cluster visual extinction is 
overlaid on the F658N image, instead. The size of the 2 images is of 2.5" by 2.4" (~ 130 X 125 pc 2 ). Size and orientation arc the same 
as the inset in Figure [T] 
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ble [T] we report the outputs of the whole photometric and 
SED fitting analysis. 

From Table [T] we see that the cluster masses are in 



120091; 



i„ ^„ * ' ' "O """" 

(e.g. Cervino & Luridianal 2004 


; Popescu & Hanson 


iFouesneau & Lanconl 120101). 


Silva- Villa & Larsen 



analysed the effect of stochastic IMF sampling in the 



recovered colors and ages of synthetic cluster populations 
of increasing stellar masses. In their Figure 8, for the mass 
range observed in the Ruby Ring complex, one can see that 
ages younger than 10 Myr are recovered for a large fraction 
of clusters in the age range 10-200 Myr, i.e. corresponding 
to the red supergiant phase. However, since all the clusters 
in the ring have associated Ha in emission, we are confi- 
dent of their recovered ages. To estimate the uncertainties 
on the mass, we looked at the prediction of M mm , the mass 
value below which the observed cluster colors are severely bi- 
ased wit h respect to the predictions of spectral evolutionary 
models l| Cervino fc Luridianalliool ') . The expected M min in 
the [/-band (our reference frame) is ~ 3 x 10 3 Mq at ages 
younger than 10 Myr, fairly close to our estimates. On the 
other hand, there are new indications (from globular cluster 
size and, independently, from the detection of the red giant 
tip, Adamo et al. in prep.) that the distance of the galaxy 
is higher than 11 Mpc, i.e. ~ 18 Mpc. If the galaxy is ap- 
proximately at 18 Mpc, then, the correct cluster masses are 
almost a factor of 3 larger than the ones shown in Table [T] 
making them less affected by stochastic effects. For consis- 
tency, we use the distance of 11 Mpc and assume that the 
total stellar mass in clusters and all the derived estimates 
are upper limits to the real values. If the real distance is 
higher, our conclusions will not be significantly affected. 

We find that the clusters of the Ruby Ring complex 
have ages younger than 10 Myr. In Figure [2] left panel, the 
derived age ranges of the clusters are overplotted on the 
F336W image of the Ruby Ring, with different colors. In 
the right panel, we show the recovered extinctions, E(B-V), 
overplotted on the F658N image. From Fig. 2, the central 
cluster appears to be both older and less extinguished than 
the clusters in the ring. 

The morphology of the ring changes quite drastically 
from the ultraviolet to Ha. The [/-band reveals the sources 
of the ionising flux, i.e. numerous very young clusters with 
masses above 1O 3 M0. The F658N transmits mostly the 
emission from the photoionized gas surrounding the clus- 
ters, highlighting the spatially extended Hn-regions. An ap- 
parent outflow or "blow-out" region is seen to the lower left 
in Figure [5] The cluster extinction appears to be lower in 
the region of the ring where we see evidence for an outflow 
in Ha. On the right edge and upper part of the ring, the 
extinction increases to values that are overall in agreement 
with the clu sters being young a nd most likely partially em- 
bedded (e.g. lAdamo et alj|20icl ). 

In Figure[31 we show the position of the clusters not cor- 
rected for intrinsic extinction in a color-color diagram. An 
arrow indicates in which direction the position of the points 
changes if corrected for extinction. We see that, except for a 
few outliers (large uncertainties in the F606W band photom- 
etry for clusters 171 and 187), the position of the clusters is 
compatible with an age spread of 1 to 7 Myr and variable 
extinction. The best age and extinction of the central cluster 



2.0 - 



.5 - 




180 is of 7.0±o B o U M y r and E(B-V)= O.lig;? 1 . The derived 



1 

F336W-F606W 

Figure 3. The F336W-F606W versus F606W-F814W color dia- 
gram of the Ruby Ring cluster complex. The clusters are shown 
as dots. Their positions have not been corrected for extinction. 
The arrow indicates the direction and intensity of a de-reddening 
of E(B-V) ~ 0.3 mag. 

The central cluster 180 is plotted in purple. Thre e different metal- 
licity evolutionary tracks by Yggdrasil models (Zackrisson et al. 
l201ll) are included in the plot. The red dots on the solar Z track 
(green solid line) indicate the position on the track at increasing 
ages (up to 10 Myr). The arrow indicates the direction and inten- 
sity of a de-reddening of E(B-V) ~ 0.3 mag. The error bar shows 
the mean photometric error associated with the clusters. Clusters 
171 and 187 have errors in F606W-band photometry much larger 
than 0.3 mag (limit for the x 2 analysis, see text), therefore their 
position in the diagram is rather uncertain. 

high upper age uncertainty is driven by the proximity of the 
colors of this cluster to the model predictions at that age to- 
gether with a modest detected Ha flux, which suggests that 
the cluster has already cleared its surroundings of the natal 
cold gas (compatible with an age ~ 7 Myr). However, it is 
known that the radius of the Hn-region from which Ha is 
emitted increases as the cluster ages due to stellar feedback. 
Since we use fixed apertures to do photometry, it is possible 
that we are missing the bulk of the Ha flux coming from 
180. If this is the case, assuming that the extinction in the 
central region is much higher than obtained from the SED 
fitting technique, we expect 180 to have an age comparable 
to the clusters in the ring. We exclude, however that 180 
has an age between 8 and 50 Myr, since its colors are not 
compatible with the location of the loop on the evolutionary 
track (see Figure [3}. The SED fitting analysis of 180 shown 
in the Appendix confirms this scenario. The contour enclos- 
ing the 68 % confidence limit of the derived properties of 
cluster 180 are two narrow regions centred around 7 and 70 
Myr. 

As a final test we examined the surface density pro- 
file of the continuum-subtracted Ha+ [Nil] flux across the 
Ruby Ring complex (Figure 3]). A continuum subtracted Ha 
image has been produced using the two ACS/WFC F658N 
and F814W frames. The continuum at the F814W band is 
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similar enough to the continuum at the Ha line to give a fair 
representation of the resulting continuum-subtracted emis- 
sion F(Ha+ [Nil]). However, we stress that any quantity 
derived from these flux measurements has to be considered 
an upper limit to the real values. We used the continuum- 
subtracted F(Hq+ [Nil]) image to produce surface bright- 
ness profiles throughout the cluster complex. In Figure [4] 
we show profiles normalized to the flux of the correspond- 
ing central region, coincident with the position of cluster 
180. The continuum-subtracted Ha emission is directly pro- 
portional to the amount of ionizing flux produced by the 
massive short-lived stars in the clusters and, as such, it is 
correlated to the stellar mass and anti-correlated with the 
cluster age. Using the derived masses of the clusters we es- 
timate that the stellar mass per square parsec in the central 
circle (radius ~ 2 px ~ 0.1 arcsec ~ 5.2 pc) is ~ 6OM0/PC 2 . 
Similarly, if we approximate that the stellar mass in clusters 
of the ring is distributed in an annulus corresponding to the 
brightest values of the profile in Figure [4] (between 0.75 and 

0. 85 arsec ~ 40-45 pc) we find a mass surface density of 
70 M Q /pc 2 . The stellar mass in clusters per square parsec 
are comparable in the central region and in the ring. If the 
stellar population in the central region would be as young as 
that in the ring we would expect to see similar values of the 
F(Ha+ [Nil]) profile in the two regions (black dotted line) 
and a decline outside the complex. The shape of the F(Ha+ 
[NII]) profile suggests that a young source, 180, has swept 
up its own Hll-region creating a cavity in the central area of 
the complex (central peak followed by a decline). A second 
prominent peak, about 70 % brighter than the central one, 
is observed at the projected distance of 0.8-0.9 arcsec from 
the centre, i.e. at the location of the ring. This trend sup- 
ports the evidence obtained from the SED fitting analysis, 

1. e. there may be an age spread between the central and the 
ring clusters. 

It could be argued that the Ha emission observed in the 
ring can be powered by the central cluster. In the following 
section we will see that the total Ha luminosity, L(Ha), 
is comparable to starburst regions such as 30 Doradus in 
the Large Magellanic Cloud. The amount of ionizing Lyman 
photons, Qo, necessary to produce the Ha luminosity ob- 
served in the Ruby Ring requires a young stellar population 
(< 4 Myr) with a mass of about 0.5 — 1 x 10 Af©. Massive 
stars are the main source of Lyman photons, therefore, the 
given age limit of 4 Myr is related to their short life-time. 
The central cluster in the Ruby Ring is too small (a factor 
of 10 in mass) and too old to be the main ionizing source 
in the ring. On the other hand, in the next section we will 
show that the total stellar mass derived for the clusters in 
the ring is compatible with being the main source of the 
observed L(Ha). 

3.2 Star formation rate and cluster formation 
efficiency in the Ruby Ring 

Using the continuum subtracted Ha image, we derived the 
total luminosity, L(Ha), in the region of the Ruby Ring 
applying the following procedure. To correct for the con- 
tribution of the [Nil] lines, we use d the predicted [Nil] 
line r atio for case B recombination (|Osterbrock fc Ferlandl 
120061 ) and the ratio of N GC 2146 observed fluxes of H a 
and [NII]a, 6584.0 A, lines (|Moustakas fc Kennicuttl [20061 ). 
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Figure 4. Surface density profiles of the Ruby Ring normalized 
to the flux of the core (coincident with the position of cluster 
180). The black dotted curve has been obtained from the con- 
tinuum subtracted F658N narrow filter and shows the profile of 
the Ha+ [Nil] flux density throughout the cluster complex. The 
other two lines (green dashed and blue dotted) show the profiles 
in the F814W and F658N filters, from which the continuum sub- 
tracted H«+ [Nil] image has been obtained. The ring structure 
is clearly observed at about 0.8-0.9 arcsec (between 43 and 48 pc 
at the adopted galaxy distance). 



We estimated the total F(Ha) inside a radius of 3 arcsec 
from the centre of the Ruby Ring, removing the F([NII]) 
as a function of the transmission efficiency of the F658N 
filter at the position of the lines and multiplying by the 
width of the filter (73 A). L(Ha) was obtained by cor rect- 
ing for the foreground extinction |Schlegel et al.|[l998l ) and 
internal extinction (average cluster extinction). We found 
L(Ha)= 4.6 x 10 39 erg/s a nd derived (applying the re- 
lation from iKennicuttl Il998l ) a local star formation rate 
(SFR) and SFR surface density for the Ruby Ring of SFR 
= O.O37Af /yr and E SFR = O.47M /yr/kpc 2 , respectively. 
These values are quite similar to the ones found for cluster 
complexes in othe r nearby star-forming gal axies like M 51 
and the Antennae (|Bastian et al.l l2005. 2006) and categorise 
the Ruby Ring as a localised starburst region. The total Ha 
luminosity of t he Ruby Ring is ~ 1/3 of the L(Ha) observed 
in 30 Doradus (|Kennicuttlll984l ). 

Using the number of ionizing photons in the Lyman 
conti nuum per second emitted by a 07v star (jMartins et alj 
l2005h . we find that the observed Ruby Ring L(Ha) is consis- 
tent with being produced by ~ 600 07v stars. Summing up 
the derived (from the SED fitting analysis) stellar mass of 
each cluster in the complex, the total stellar mass in clusters 
of the Ruby Ring is of ~ 10 5 M©. Integrating over a Salpeter 
IMF, the expected number of stars more massive of an 07v 
star 25Mq) is ~ 200. The agreement is within a factor of 
3. However, we have to take into account that the observed 
L(Ha) is an upper limit to the real value (see Section [3.1[) . 
Therefore, we conclude that the two measurements are com- 
parable within the uncertainties. 

From the total stellar mass of the star clusters in the 
Ruby Ring, assuming that it has formed in a time interval of 
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10 Myr (according to the age interval of the star clusters), 
we obtain a formation rate of stars t hat form in cl usters 
(CFR) of 9.6xlCT 3 M /yr. Following iBastianl <|2008h . who 
defined the cluster formation efficiency (r =CFR/SFR) as 
the fraction of star formation happening in clusters, we de- 
rived for the Ruby Ring T — 0.38. The cluster mass has 
been derived assuming a Kroupa's IMF. Therefore, a factor 
has been applied to correct the total stellar mass in clusters 
for the missing fraction if a Salpeter IMF would have been 
used, instead. Th i s step is necessary because the calibration 
of the lKennicutj (| 19981 ) relation has been derived assuming 
a Salpeter IMF. The cluster formation e fficiency is very high , 
comparable to starburst galaxies (e.g. lAdamo et al.ll201ll) . 
but we have also to take into account that we are looking at 
a very small region with numerous clusters, therefore biased 
toward the highly efficient star formation scales. 



4 THE FORMATION OF THE RUBY RING 

The " collect and collapse" scenario predicts that an expand- 
ing Hn region sweeps up the surrounding remaining low den- 
sity material in a shell. The latter will eventually fragment 
and collapse, forming new stars. This scenario does not ex- 
clude that the shell may for m in pre-existing molecular gas 
surrounding the Hn region (|Elmegreenl 1 1 998T ) . 

Recent simulations seem to reduce the role of the 

ionising front in triggering star formation in shells. 

iDale fc Bonneil (|201ll ) observe that the ionizing flux, pro- 
duced by the massive stars formed in the densest gas regions, 
does not affect the cold gas regions, which will, eventually, 
become unstable and form a new generation of stars. A dense 
ionized gas fills the voids created by the collapsing filamen- 
tary structure, shielding the remaining surrounding filamen- 
tary structures, which will re ach independ e ntly t he critical 
conditions for star formation. IWalch et al] (|2011n , observe, 
instead, that the location of dense star-forming clumps in 
the shells corresponds to the position of pre-existing cloud 
structures and that it does not require any collect and col- 
lapse mechanism to be formed. 

As presented in Section [3~T1 the age of the central cluster 
180 is ~7 Myr, while the mean age of the cluster ring is ~ 3 
Myr. From the cluster analysis, we found that only 5 % 
of the total derived stellar mass in clusters is contained in 
180. The time delay between the formation of the central 
cluster and the ring structure, their relative mass ratio, and 
the regular morphology are all observables predicted by the 
"collect and collapse" triggering mechanism. On the other 
hand these properties are challenging to explain with other 
scenarios which contemplates an uncorrelated formation of 
the central cluster and of a structured ring. If feedback would 
have not shaped the surrounding gas and star formation 
would have taken place in high gas density regions, we would 
have expected to observe a fractal morphology, typical of 
the collapsing GMCs. The presence of a central source, a 
cavity, and an well-shaped region where star formation has 
taken place after a lapse of time suggest a triggering event. 
Therefore, we will use the "collect and collapse" scenario to 
try to understand how the Ruby Ring has formed. 

At the assumed distance of NGC 2146, the radius of the 
ring, as obtained by Figure [4] is ~ 48 pc (projected on the 
sky). If the ring has formed from the expanding bubble cre- 



IX. 
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Figure 5. A representation of the shell expansion (radius, R) 
which formed the cluster ring, versus the time b e fore t he present. 
The spherical model by lEfremov fc E lmcarccn ( 199^) has been 
used. The arrow indicates the radius and the time at which cluster 
formation was initiated in the ring. 



ated by the central 180 cluster, then the current ring location 
should approximately spatially coincide with the position of 
the bubble. The latter has been created by continuous injec- 
tion of energy from stellar winds and supernovae explosions 
produced in 180. We can derive the radius of the expand- 
ing shell using the equati on for an adiabatic, pressure-driven 
bubble (equation (21) in We aver et al.|[l977h . The equation 
depends on the mechanical luminosity produced by 180 and 
its age, and the mean density of the surrounding medium. 
To derive the mechanical luminosity , I/ mec h, we ran Star- 
burst99 model |Leitherer et al.lll999T l for an instantaneous 
burst with an initial mass of 5 x 10 3 Mq, and determined 
the average value over the first 7 Myr. Assuming a typi- 
cal Galactic number density (100 cm -3 ) of the medium and 
10% efficiency for the conversion of the mechanical energy, 
we obtain a radius of ~ 47 pc, which is in good agreement 
with the observed values. 

According to the triggered scenario, however, the cur- 
rent position of the ring is not the same as the position 
at which the triggering event occurred. The second cluster 
generation has formed by swept-up expanding material. Due 
to the regular shape of the ring, we use the spherical solu- 
tio n for the analytical mo d el of an expanding shell applied 
by lEfremov fc Elmegreenl (|l998f ) to the Sextant region in 
th e Large Magellanic Clouds. Us ing equation (26) and (28) 
by lEfremov fc Elmegreenl (|l998l ) , it is found that the ring 
formed at a smaller distance from the centre than the cur- 
rent location (see Figure [5} ■ The velocity of the shell at the 
time the ring was formed is proportional to 3/5 of the ratio 
between the triggering radius (~34 pc) and the correspond- 
ing time (4 Myr), i.e. 5.1 km/s. We can verify that this de- 
rived expansion velocity (at the time the clusters in the ring 
were triggered) is in agreement with the expansion velocity 
driven by the mechanical energy injected by 180 when it was 
3 Myr old. The latter can be estimated assuming a "snow- 
plow expansion" (momentum and energy ar e conserved) of 
the wind bubble (lLamers fc Cassine Hi 1999) and using the 
Lmech at the corresponding age (logL mec h(3 Myr) ~ 38.13 
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erg/s) and an ambient medium number density (100 cm" ) 
as derived above. Applyin g equations 12.12 and 12.19 by 
lLamers fc Cassinellil (1 19991 ). we obtain an expanding veloc- 
ity of ~ 3 km/s, within a factor of 2 in agreement from the 
former estimate. 

The observed radius of the ring and the expansion ve- 
locity, derived from the properties of cluster 180, are in good 
agreement with the scenario where the formation of the ring 
has been triggered. Since the stellar mass traced in the ring 
structure is about a factor of 10 larger than in the central 
cluster, it is likely that the expanding shell encountered some 
pre-existing molecular gas. Therefore, the expanding ionis- 
ing front passing through the cold gas cloud and the reverse 
shock formed after it, created the gravitational instability 
necessary to trigger star formation in the ring. 

The environment where the Ruby Ring is located has 
most likely helped in shaping this extraordinary system. 
The Ruby Ring has formed at the end of one of the tidal 
streams. Star formation in the Ruby Ring's tidal stream 
started ~ 30 — 40 Myr ago at its head and has continued 
until the present (Adamo et al. in prep.). We observe a spa- 
tial and temporal correlation in the clusters of the streams 
(older at the head and very young at the tail). It is not clear 
yet whether this sequentiality is due to a gravitational in- 
stability travelling throughout the streamed gas and it has 
only recently reached the extreme end of the ejected tail. 
The Ruby Ring has, thus, formed in a pocket of ejected gas 
located in a rather low density environment. The shape of 
the ring suggests that no shear is acting in deforming the 
system. This is, probably, the most important difference be- 
tween the Ruby Ring and many galactic and extragalactic 
systems where triggering has produced arcs or asymmetric 
bubbles. The absence of shear has allowed the bubble pro- 
duced by the central cluster to interact undisturbed and 
shape its surroundings. The availability of gas has allowed 
the formation of a ring of clusters. 



5 CONCLUSIONS 

We studied the physical properties and discussed the forma- 
tion of the Ruby Ring system, a ring-like cluster complex in 
the starburst galaxy NGC 2146. The Ruby Ring, so named 
due to its morphological appearance, is located in one of the 
tidal streams which surround the galaxy. NGC 2146 is part 
of the Snapshot Hubble (7-band cluster survey (SHUCff). 
The WFC3/F336W data has added critical information to 
the available archival Hubble Space Telescope imaging set 
of NGC 2146, allowing us to determine ages, masses, and 
extinctions of the clusters in the Ruby Ring. We find ev- 
idence of a spatial and temporal correlation between the 
central cluster and the clusters in the ring. The latter are 
about 4 Myr younger than the central cluster. This result 
is supported by the Ha emission which is strongly coinci- 
dent with the ring, and weaker at the position of the central 
cluster. From the derived total Ha luminosity of the system 
we constrain the SFR density (Esfr = O.47A/0/yr/kpc 2 ) to 
be quite high, comparable to the extended cluster complexes 
observed in M 51 and the Antennae. The central cluster con- 
tains only 5 % of the total stellar mass in clusters determined 
in the Ruby Ring. 

In order to explain the formation of the Ruby 



Ring, we considered th e "collect & collapse" scenario 
jElmegreen fc Laddfl977T ). We tested the predictions made 
by this model deriving the bubble radius and expansion ve- 
locity produced by the feedback from the central cluster. We 
found that the location of the ring is quite similar to the de- 
termined position of the expanding bubble produced by the 
central cluster. At the time the star formation was triggered 
in the ring, the expanding velocity of the shell produced by 
the "collect & collapse" model agrees within a factor of 2 
with the derived velocity of the central expanding bubble. 
The "collect & collapse" model is able to explain, at the 
same time, the morphology, the spatial and temporal corre- 
lation observed between the central clusters and the clusters 
in the ring, and the stellar mass ratio between the central 
source and the triggered ones. 

We conclude that, most likely, the Ruby Ring's remote 
location, at the end of the tidal stream, has created an al- 
most unperturbed environment where the bubble produced 
by the central cluster has interacted and shaped its sur- 
roundings and, owing to the availability of gas, has triggered 
the formation of a ring of clusters. 
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Figure Al. The SED fitting analysis and error estimates for clusters in the Ruby Ring with detection in all the available filters. For 
each source, the top panel shows the quality of the SED fit. Black dots with error bars are detected fluxes, the red open sq uares are 
the integrated fluxes obtained convolving the underlying plotted model spectrum (Yggdrasil models. IZackrisson et aUl20Tll ) with the 
corresponding filter throughput. The red horizontal bars indicate the width of each filter. The three bottom panels shows the parameter 
space and how the \ 2 value changes as function of the input parameters. The bottom value of the bar corresponds to the best derived 
X 2 . Lighter grey colors correspond to increasing large x' 2 values. The red contour encloses the area corresponding to the 68 % confidence 
limit. 
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Figure A2. The SED fitting analysis and error estimates for clusters in the Ruby Ring with detection in all the available filters. See 
previous figure's caption. 
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